Despite their stability and the widespread use of enhanced biological phosphorus removal (EBPR), little is known about their microbial composition and activity. In our study we investigated highthroughput pyrosequencing of bacterial communities from two full-scale EBPR reactors of South Africa. Findings indicated that both EBPRs harboured high bacterial similarity, ranging from 83 to 100% with a diverse community dominated by Proteobacteria (57.04 to 79.48% for failed EBPR and 61.7 to 85.39% for successful EBPR) throughout the five selected treatment zones with the exception of the fermenter (Bacteroidetes: 55.84%) from the successful EBPR. However, a lower dissimilarity was observed with the presence of 70 unique bacterial genera from successful EBPRs belonging to Gammaproteobacteria, Betaproteobacteria, and Actinobacteria, while 69 unique genera from failed EBPR belonged to Alphaproteobacteria, Betaproteobacteria, and Clostridia. The failed EBPR (54.58%) revealed less fermenting bacteria in the fermenter as compared to the successful EBPR (73.58%). More detrimental organisms and less nitrifying/denitrifying bacteria were also found in failed EBPR than in the successful EBPR, as well as phosphate-accumulating bacteria. Canonical correspondence analysis (CCA) displayed a very low relationship between microbial patterns, pH and DO -suggesting that these environmental factors played a major role in community dissimilarity. Aerobic zones appeared to have the highest dissimilarity between both EBPRs, with the failed EBPR predominated by Acidovorax (26.2%) and the successful EBPR with unclassified Rhodocyclaceae (37.24%). Furthermore, 21.47% of readings (failed EBPR) and 17.18% of readings (successful EBPR) could not be assigned to taxonomic classifications, highlighting the high diversity level of novel microbial species in such an environment.
Background
Pollution of water sources is currently a global concern due to the detrimental effects of pollutants on both human and animal health [1] . In South Africa, like in many other developing countries, there is a problem with an influx of population into urban areas. This together with the growth of major cities and industrial activities has led to an increase in the municipal biomass waste in effluents being discharged into the environment with the contamination of water sources. Moreover, the volume of wastes that goes into wastewater treatment plants is enormous, while the treatment efficiency is hampered by a number of factors such as high capital and operating costs, which render some technologies unfeasibleprimarily for application in rural areas [2] .
To deal with this issue, several technologies have been developed and these include chemical precipitation, chemical oxidation, ion exchange, etc. Due to their advantages over the conventional methods, biological treatment methods such as enhanced biological phosphorus removal (EBPR) have been widely seen as the most effective and eco-friendly option of the available treatment processes of wastewater [3] . This process requires the presence of diverse microorganisms to remove organic contents and nutrients as well as other toxic materials from domestic and industrial wastewater and to protect receiving water bodies from eutrophication [4] [5] . Although the EBPR process is regarded as one of the most successful for the removal of phosphorus from wastewater, the phosphorus removal capacity can also be prone to apparent instability and unreliability, and deterioration is often attributed to detrimental bacteria present in the system [4] .
More than three decades ago, researchers made the first attempts to identify these microorganisms involved in EBPR based on culture-dependent techniques [6] [7] . It has then been reported that the naturally occurring polyphosphate-accumulating organisms (PAOs) were responsible for phosphorus removal, whereas the presence of glycogen-accumulating organisms (GAOs) in the EBPR process was the main cause of EBPR deterioration as the latter also compete for volatile fatty acid (VFA) as a substrate for energy [5] . However, the advent of molecular tools showed that several pure cultures of PAOs such as Acinetobacter, Microlunatus, Tetrasphaera, and Lampropedia genera were not having great effect in full-scale wastewater treatment plants (WWTPs), and a high diversity of phylogenetic groups involved in the removal of phosphorus were present in EBPR sludge [8] . Furthermore, PAOs such as Candidatus Accumulibacter phosphatis and the actinobacterial genus Tetrasphaera that enable enhanced biological phosphorus removal in full-scale WWTPs have been identified and characterized [7, 9] .
While it remains a challenge to identify and isolate the PAOs or GAOs in pure cultures using alternative molecular analyses, metagenomic analysis using nextgeneration sequencing appears to be more successful for characterizing the microbial ecology of the EBPR systems as it offers the possibility of studying the diversity of phylogenetic groups and the functional potential of a complex community [10] . Furthermore, their success in profiling microbial communities in a wider range has been used as a blueprint by which more studies can be designed and comprehensive hypotheses generated [11] . Recently, very few metagenomic studies using next-generation sequencing have been carried out on metagenomes from a full-scale EBPR [4, 10, [12] [13] . In addition, very few studies have investigated the microbial community throughout all treatment zones of the EBPR. Since each EBPR appeared to be unique, this study investigated for the first time the microbial community of the targeted full-scale EBPRs using a pyrosequencing platform. The microbial diversity of the two full-scale EBPRs (Olifantsvlei Wastewater Treatment Works and the Bushkoppies Wastewater Treatment Works) was compared in order to provide a more detailed understanding of their relationships to operational variables and design in complex habitats. Despite the fact that Olifantsvlei Wastewater Treatment Works and the Bushkoppies Wastewater Treatment Works have been similarly designed with the use of activated sludge, BNR, extended aeration, and maturation ponds (except for the absence of a pre-anoxic zone at the latter, and also since these plants receive the same type of influents), the Bushkoppies Wastewater Treatment works showed consistent noncompliance as compared to the Olifantsvlei Wastewater Treatment Works.
Materials and Methods

Study Area and Wastewater Sample Collection
Wastewater samples were collected in April 2015 from two treatment plants, namely at the Olifantsvlei Wastewater Treatment Works (26.321864S, 27.901647E) and the Bushkoppies Wastewater Treatment Works (26.311111S, 27.935E) in Johannesburg. A comparison of these two treatment works was performed in order to assess the consistent noncompliance of the latter. These EBPRs use activated sludge, BNR, extended aeration, and maturation ponds, and receive the same type of influents and are subjected to the same climatic conditions and are configured as Johannesburg and anaerobic-oxic process reactors and combined in the secondary clarifier. The fermenter responsible for fermenting organic matter for producing VFA is a combined system that recycled the sludge back to each train (Fig. 1) . Due to the above and for the sake of this study, the targeted plants were referred to as "failed unit" for Bushkoppies and "successful unit" for Olifantsvlei. Samples of 1 L were collected in sterile plastic sampling bottles in triplicate from the primary settling tank (PST), fermenter, anaerobic zone, anoxic zone, and aerobic zone, and immediately placed in a cooler box (4°C) for transportation to the laboratory for physicochemical analyses and microbial diversity studies. No specific permit was needed for collecting the wastewater samples in the described sample area, and this study did not involve endangered or protected species. However, responsible officers with informed consent assisted with the collection of wastewater samples. In order to assess environmental variables, samples were homogenously mixed and filtered using No. 1 filter paper (Whatman). The filtered samples were then used to determine chemical oxygen demand (COD), nitrate, and phosphate. To test for NO 3 -1 , the sodium salicylate method was used as reported by Monteiro et al. [14] . Briefly, 50 ml of the samples were pippeted into a ml beaker and mixed with 1 ml of the salicylate solution. The mixture was dried in an oven at 105°C to allow the formation of NO 2 +1 from NO 3 -1
. Then 1 ml of sulfuric acid was added and allowed to cool for 10 min, and 7 ml of the solution containing sodium hydroxide and sodium and potassium tartrate were later added. The solution was later made up with water and analyzed in a spectrophometer [14] . For PO 4 -3 we used the 424f standard method as reported by APHA [15] . 424f uses ammonium molybdate and potassium antimonyl tartrate in order to react in an acidic medium with orthophosphate to form a heteropoly acid (phosphomolybdic acid) that is reduced to intensely coloured molybdenum blue by ascorbic acid. The closed reflux method was also used to measure COD concentration [15] , whereas pH, DO, electrical conductivity (EC), and temperature were measured onsite using specific probes (HACH, Germany).
Metagenomic DNA Extraction, Amplification, and Pyrosequencing of Bacterial 16S RNA Genes
For microbial analysis, unfiltered samples were homogenously mixed and a 50 mL aliquot was taken and centrifuged at 10,000 x g for five minutes at 4ºC. The harvested cell pellets were re-suspended in 1x TE buffer (pH 8.0). The suspensions were well mixed and microbial DNA was extracted with the ZR Fungal/Bacterial DNA Kit TM (Zymo Research Corporation, USA) according to the procedures provided by the manufacturer. In order to monitor/assess for any contamination, a series of negative controls containing no DNA templates was also used throughout this experiment. The integrity and purity of the metagenomic DNA was later assessed on the 0.8% agarose gel and NanoDrop TM spectrophotometer (NanoDrop TM 2000, Thermo Scientific, Japan). The PCR reaction was performed on all the extracted metagenomic DNA samples as well as negative controls using the universal primer 27F and 518R [5] . This primer pair amplifies approximately the 500 bp of 16S rRNA gene sequence targeting variable region V1 to V3 of the 16S rRNA gene. Each PCR reaction contained 25 µL of 2X DreamTaq Green Master Mix (DNA polymerase, dNTPs and 4 mM MgCl2), 22 µL of nucleasefree water, 1 µL of forward primer (0.2 µM), 1µL of reverse primer (0.2 µM), and 1µL of metagenomic DNA (50-100 ng µL -1 ) to make up a volume of 50 µL. All PCR reactions were performed on ice to minimize non-specific amplification and primer dimerization. The PCR cycle started with an initial denaturation step at 94ºC for five minutes, followed by 30 cycles of denaturation at 94ºC for one minute, annealing at 55ºC for 30 seconds and extension at 72ºC for one minute and 30 seconds, and a final extension at 72ºC for 10 minutes, followed by cooling to 4ºC. The PCR product (10 µL) was loaded in 1% (m/v) agarose gel (Merck, South Africa) stained with 5% of 10 mg mL -1 ethidium bromide (Merck, South Africa) and visualised under an ultraviolet transilluminator (InGenius Bio Imaging System, Syngene, Cambridge, UK). The correct PCR amplicons were excised and purified using the DNA clean and concentrator kits (Zymo Research Corporation, USA). The purified DNA samples were then quantified using a NanoDrop spectrophotometer. The used primers contained the appropriate adaptor and barcode sequences necessary for running the samples on the GS-FLX-Titanium (Roche). Prior to the paired-end pyrosequencing services provided by Inqaba Biotechnology Industries (South Africa) using the GS-FLX-Titanium series (Roche, Switzerland), replicates for respective samples were pooled together at approximately equimolar concentrations based on the library concentrations and calculated amplicon sizes.
Processing of Pyrosequencing Data and Statistical Analysis
The raw sequences generated from pyrosequencing were processed in a Mothur pipeline for quality control (QC) to remove artificial replicate sequences produced by sequencing artifacts (primers, barcodes, adaptor sequences, etc.) and low-quality sequences [16] . Sequences that passed QC were further pre-screened for identification of ribosomal readings (at least 80% identity) and removal of non-ribosomal readings using qiimeuclust and the following RNA databases: Greengenes, LSU, SSU, and RDP. Moreover, chimeric sequences were identified from ribosomal sequences and removed using UCHIME according to the de novo method [17] . The nonchimeric rRNA sequences obtained were analyzed using the Ribosomal Database Project (RDP) Classifier tool of RDP pyrosequencing pipeline [18] and sequences were classified with a 97% confidence threshold. These metasequences were later aligned using the RDP align tool in the same pipeline, and the cluster files were generated for each sample with the RDP complete linkage clustering tool. Furthermore, the rarefaction curves were created by using the RDP rarefaction tool. Genetic distance was determined and sequences clustered into operational taxonomic units (OTUs) at 3% genetic distance using the nearest-neighbour method, and a representative sequence was chosen for each cluster/OTU at each distance. The choice of nucleotide cutoff in this study was based on Brown et al. [12] , who reported that the bacterial diversity could decrease with an increase of cutoff. Furthermore, the default mismatch cutoff at 3% for cdhit-454 was also set in order to recover approximately 95% of readings.
Since increasing the cutoff strongly affects the overall number of readings assigned to a specific taxon, in this study the default genetic distance cutoff of 3% was used. The Shanon diversity index and the Chao1 richness estimator were calculated for each sample. The relative abundance (%) of individual taxa within each community was calculated by comparing the number of sequences assigned to a specific taxon against the number of total sequences obtained for that sample. The similarity and dissimilarity in bacterial community structure within both wastewater treatment plants was analyzed using the Jaccard-Sørensen index [18] . Statistically, we should indicate that both indexes can be shown as similarity or dissimilarity indexes. Canonical correspondence analysis (CCA) for the environmental parameters was also performed to explore the interrelationships between them and their possible effect on a bacterial community. PAST 2.06 statistical software was used to generate CCA bi-plots [19] . Generated data was later made publicly available at the DDBJ Sequence Read Archive (DRA) under the accession number PRJDB4407.
Results and Discussion
Sequencing
The enhanced biological phosphorus removal processes have been seen widely as the most reliable approach for the treatment of wastewater generated from both municipal and industrial activities [20] . Among its microbial population, bacteria have been reported to play the most essential and critical role for the removal of pollutants [21] . In the present study, the bacterial community structure and species richness, from five zones of two wastewater treatment plants situated in Johannesburg, were analyzed using pyrosequencing of the 16S rRNA gene. Extracted rDNA was found to be of high quality, with A260/280 ratios of approximately 1.8 for all samples. As activated sludge samples are seen as complex samples due to the presence of several inhibitors, the purity, integrity, and size of the rDNA from such a matrix are critical and play a major role in the specific yield (rDNA/g sample) of rDNA by later impacting the accuracy of the results of metagenomic studies, especially in high-diversity communities [21] [22] . When investigating the microbial community of a full-scale EBPR, Albertsen et al. [4] revealed that some microbial phyla such as Actinobacteria (Tetrasphaera) and Chloroflexi have been underrepresented from the metagenome datasets due to the DNA extraction bias.
Pyrosequencing of DNA amplicons from high-quality rDNA generated a total range of 1,120 to 2,436 readings from treatment zones (aerobic, anoxic, anaerobic, fermenter, and PST) with Anoxic A (2,030 readings) and Anaerobic B (2,436 readings) having the highest readings from both failed and successful EBPRs, respectively ( Note: All percentages of sequences refer to the total sequences of each sampling site. [11, 23] , which in return can be influenced by sample preparation, primer selection, and the formation of chimeric 16S amplification products [24] .
Diversity Indices and Community Species Richness
During the last decade, studies on diversity level have reported the potential positive correlation between biodiversity and micro-ecosystem function [25] . It has also been stated that the stability of a micro-ecosystem function increases as biodiversity increases [26] . According to Saikaly et al. [27] , minimum species richness is needed in order to maintain ecosystem function in a particular environment, while a large microbial diversity and species richness is required in order to maintain a stable micro-ecosystem in a varying environment. In this study, the RDP pyrosequencing pipeline was used to determine a bacterial community from two EBPRs by assigning the read tags to different operational taxonomic units (OTUs) at 3% nucleotide cutoff. As the number of OTUs gives an approximation of species diversity in a sample [28] , a total of 8,640 OTUs were recovered from the 10 sampling points. It was noted that the successful wastewater treatment plant had the highest OTUs of 1,296 at an aerobic zone (aerobic B). Regardless of the fact that the successful EBPR was having more OTUs and readings than the failed EBPR, the rarefaction analysis has revealed no significant difference in the number of readings and OTUs at the same sampling zone of both EBPRs. This indicates a similar level of diversity with the exception of the aerobic zone, where the level of bacterial diversity was apparently not similar. Furthermore, the rarefaction curves showing the plot of number of readings versus the number of OTUs is illustrated in Fig. 2 .
In order to ascertain microbial complexity within each sampling point, the Shannon-Weaver index and Chao1 richness estimator were determined at 3% cutoff ( Table 2 ). The Shannon-Weaver diversity index ranges from 0 (or 0%), indicating pronounced dominance, to 1 (or 100%), indicating equal abundance of all species [29] . In the present study, the diversity index (Shannon) revealed a very close level of diversity between both wastewater treatment plants with 30 Table 2 . Diversity indices from 10 sampling points of two wastewater treatment works. be significantly different (p>0.05) within both successful and failed EBPRs. However, the species richness from both plants was also determined using the Chao1 estimator at 3% nucleotide cutoff. Similar to the Shannon index, the observed and estimated richness index indicated higher bacterial richness at 3% cutoff at the successful EBPR when compared to the failed EBPR. The Chao1 richness estimator revealed a species richness ranging between 1,025.14 and 3,871.12, and 1,749.55 and 3,519.88 from failed and successful EBPR, respectively. In the failed wastewater treatment plant, the anaerobic zone appeared to have the highest bacterial species richness, whereas in the successful wastewater treatment plant, the anoxic zone had the highest bacterial species richness. The pairwise bacterial community similarity between the sampling points of each wastewater treatment plant was confirmed using the Jaccard and Sørensen index based on the presence and absence of each OTU (Table  S1 ). The Jaccard and Sørensen index revealed no or slightly similar levels of diversity between each pair of the same sampling points and between both plants. Fig. 3 . Heat map generated from Sørensen index highlighting the similarity at 3% cutoff level among the 10 samples collected from both EBPR treatment plants. The higher the colour intensity, the higher the bacterial similarity between the pair. to be below 80%, highlighting a slightly similar level of diversity between pairs (Fig. 3) . Similarly, the Jaccard values also showed results ranging 65-100%. Another statistical analysis using the UniFrac metric analysis was performed to further analyse the similarity between samples by taking into consideration not only the presence or abundance of OTUs, but also the bacterial phylogeny [30] . Similarly to the Jaccard and Sørensen index, UniFrac metrics revealed a high significant shift (p>0.05) among the microbial community of sampling zones with the exception of anaerobic_A/aerobic_A and PST_B / aerobic_B, highlighting no or slightly similar levels of diversity (Table S2 ). This finding disagrees with the results by Zhang et al. [31] , who reported a similar level of diversity between the bacterial structure and activity of 14 EBPR. Lawson et al. [32] also stated that functional similarity in several EBPRs is mostly translated by the number of OTUs having similar genus-level affiliation. A significant shift of the dominant microbial community highlighting high dissimilarity between anaerobic-anoxic has also been reported by Lv et al. [21] when comparing the bacterial community in EBPRs.
Bacterial Community Structure in Both Wastewater Treatment Plants
In order to comparatively analyse the bacterial community from the two different wastewater treatment plants, the RDP classifier was used to assign the readings to specific phylogenetic bacterial taxa. The results showed 19 bacterial phyla with the exception of unclassified bacterial readings from both failed and successful EBPRs. Both EBPRs had 17 shared phyla and two unique phyla for failed EBPRs (Chlamydiae and Gemmatimonadetes) and two unique phyla for successful EBPRs (Microgenomates and Fibrobacteres) (Table S3, Fig. 4 ). The observed unique phyla have similarly been reported elsewhere in low proportions in activated sludge [5, 8, 32] . In terms of their abundance in both plants separately, five phyla -Proteobacteria (72.37%), Bacteriodetes, Firmicutes, Actinobacteria, and Chloroflexi -occupied approximately 95.71% of all classified bacteria from the failed EBPR, while in the successful EBPR Proteobacteria, Bacteriodetes, Firmicutes, Actinobacteria, and Planctomycetes were the most abundant with approximately 95.77% of the entire classified bacterial population (Fig. 3 ). This study is in agreement with Tian et al. [32] , who also reported the predominance of Proteobacteria, Bacteriodetes, Firmicutes, Actinobacteria, and Planctomycetes in wastewater treatment plants containing approximately 51 phyla and 900 genera. Bond et al. [8] , in their study investigating the bacterial community structures of phosphate-removing and non-phosphate-removing activated sludges from sequencing batch reactors, also revealed that Proteobacteria, Planctomycete, Flexibacter, Cytophaga, and Bacteroides were the dominant microbial groups.
The presence of Proteobacteria in EBPR as the most predominant phylum followed by Bacteriodetes as the second most predominant phylum has also been reported by Albertsen et al. [4] . This has been confirmed by Ye and Zhang [20] , who reported Proteobacteria as the predominant bacterial phylum in several activated sludge samples. Furthermore, the predominance of Bacteriodetes over Proteobacteria in EBPR or activated sludge has not been intensively reported [32] [33] .
It was also noted that the bacterial community from both plants become more diverse as the sequences were classified into lower taxonomic levels (Table S4-7) . Despite the high diversity, many readings could not be classified into a lower taxonomic level. This could be explained as Jin et al. [34] reported that up to 80-90% of microorganisms in activated sludge cannot be cultured and that the sludge harbours a community of largely uninvestigated novel species. In the present study, a total of approximately 49.64% of readings and 58.52% of readings from failed and successful EBPR plants, respectively, could not be classified up to a genus level (Table S3-S7 ). In addition, in both plants 21 .47% of readings (1,430) from failed EBPR and 17.18% of readings (1,337) from successful EBPR could also not be classified at the phylum level. This result was in disagreement with the microbial pattern as reported by Feng et al. [35] . Table S5B . Abundances of all order in each sample of the Successful EBPR. The abundance is presented in terms of percentages of the total sequences in a sample. Apart from the similarity in containing more unclassified bacterial communities (on a genus level) than classified ones, the failed plants differ from successful wastewater treatment plants in the composition of their bacterial communities as well as the presence of unique bacterial species. Furthermore, more than 70 unique genera were only found in successful EBPR with relative abundance ranging from 2 to 6%, while failed EBPR also revealed 69 unique genera at relative abundance ranging from 1 to 5.8% of the total microbial population (Fig. 5) . It was noted that most of these unique genera from the successful EBPR belonged to Gammaproteobacteria, Betaproteobacteria, and Actinobacteria, while those from the failed EBPR belonged to Alphaproteobacteria, Betaproteobacteria, and Clostridia. The microbial composition of activated sludge has been seen as critical since they play a major role in the treatment of wastewater [21] . In order to enhance the wastewater treatment efficiency in removing phosphate, fermenter has been incorporated in the EBPR systems. The fermenter plays an important role in augmenting the availability of VFA needed by phosphate-accumulating organisms to ensure reliable phosphorus removal [5] . In the present study, fermenting bacterial genera such as Acidovorax (2.36%), Enhydrobacter (1.25%), Aeromonas (3.62%), Tolumonas (1.81%), Prevotella (7.09%), Faecalibacterium (0.56%), Fibrobacter (1.81%), unclassified Comamonadaceae (6.12%), unclassified Moraxellaceae (3.34%), unclassified Prevotellaceae (40.89%), and unclassified Lachnospiraceae (4.73%) were found in higher abundance in the successful EBPR as compared to the failed EBPR (Table S7) , and are seen as crucial for VFA production [36] [37] . However, in the failed EBPR, Acinetobacter known to be part of the non-fermenting bacteria [13, 37] were also reported as the second most abundant genus in contrast to BWTW. In order to remove pollutants using conventional EBPR processes, activated sludge is cycled under sequential anaerobic, anoxic, and aerobic conditions that promote the growth of specific microorganisms respective of each condition [10] . Under anaerobic conditions, the present study has shown that the bacterial community of successful EBPR was predominantly containing phosphate-accumulating bacteria such as unclassified Rhodocyclaceae (47.64%) [8, 38] , followed by glycogen-accumulating organisms (GAOs) such as Propionivibrio (8.59%) [39] . Even though many EBPR wastewater treatment plants run well, the deterioration of their pollutant removal capacity due to the competition between beneficial (PAOs) and detrimental (GAOs) organisms have also been reported [5, 33] . It was further observed that the anaerobic zone of the successful EBPR also had high abundance of an additional bacterial community responsible for nitrification and denitrification, such as unclassified Comamonadaceae (4.55), unclassified Burkholderiales incertae sedis (4.38), Planctomyces (1.68), Nitrospira (1.68), unclassified Nitrosomonadaceae (1.68), unclassified Anaerolineaceae (3.7), and so on [3, 7, 33] . In contrast, despite the similarity Fig. 5 . Relative abundance of unique genera from failed EBPR and successful EBPR wastewater treatment plants.
of bacterial communities between anaerobic zones of both plants, the abundance of phosphate-accumulating, -nitrifying and -denitrifying bacteria at the failed EBPR were found to be very low compared to the successful EBPR. Sidat et al. [40] reported that the presence of P-removing bacteria under anaerobic conditions is due to the fact that they are needed to convert VFAs synthesised in the zone by fermenters to polyhydroxybutyrate (PHB), which is stored intracellularly. Under anoxic conditions, a significant decrease of unclassified Rhodocyclaceae (25.44% -over 50% compared to their abundance in the anaerobic zone) was noted, while a drastic increase of unclassified Enterobacteriaceae (10.8% -considered a special species due to their ability to remove both nitrate and phosphate under anoxic conditions) was also observed in the successful EBPR [3] [4] . Furthermore, a large number of nitrifying/denitrifying bacteria such as Nitrospira (5.4%), Proteus (4.88%), unclassified Comamonadaceae (4.18%), unclassified Anaerolineaceae (3.83%), Clostridium XI (2.44%), Arcobacter (2.09%), Tetrasphaera (2.09%), unclassified Planctomycetaceae (2.09%), unclassified Burkholderiales incertae sedis (2.09%), unclassified Rhodobacteraceae (1.39%), Nannocystis (1.22%), Caenimonas (1.05%), and unclassified Nitrosomonadaceae (1.05%) was also noted. In contrary to the successful EBPR, the failed EBPR showed an increase in abundance of unclassified Rhodocyclaceae (35.79%), unclassified Anaerolineaceae (9.26%), and Propionivibrio (5.49%) when compared to anaerobic and anoxic zones. In addition, the anoxic zone of the failed EBPR also showed a diverse nitrifying and denitrifying bacterial community despite the fact that there was less abundance compared to the anoxic zone of the successful EBPR. It has been proven that anaerobic and anoxic conditions are designed to promote nitrification and denitrification, respectively [5] . Under subsequent aerobic conditions, the present study revealed that both plants had a significant difference in terms of predominant microbial genera. The successful EBPR was found to have high relative abundance of PAOs with unclassified Rhodocyclaceae (37.24%) as the most dominant one, followed by Proteus (6.41%). In the failed EBPR however, Acidovorax (26.2%) was reported to be the most abundant genera, followed by unclassified Comamonadaceae (13.52%) and Brevundimonas (6.76%). Despite the fact that Acidovorax is not so common in the removal of phosphate, Ren et al. [41] reported that this genus can participate in the removal of both phosphate and nitrite. Gonzalez-Gil and Holliger [42] further reported that most of the species belonging to Acidovorax are capable of heterotrophic denitrification of nitrate and may utilise acetate, propionate, and PHB from decomposing cells as the carbon source for denitrification. However, this was in disagreement with Siezen and Galardini [43] , who reported that species belonging to Acidovorax are mostly responsible for biofilm formation and flocculation. The second most abundant genus (Comamonadaceae) at the failed EBPR has also been reported by Ong et al. [44] as being strictly aerobic, non-fermentative, and capable of accumulating PHB. Moreover, the present study also revealed the presence of nitrifying and denitrifying bacteria in the aerobic zone (Table S7) . Fu et al. [45] reported that a denitrifier's ability to grow in aerobic conditions is probably attributed to the variation of DO concentration gradient in the biofilm, creating the anoxic micro-environment in the deeper layer of biofilm, which is beneficial for the growth of denitrifiers. Bai et al. [3] also stated that the coexistence of nitrifying and denitrifying bacteria in the aerobic zone is beneficial as it facilitates simultaneous nitrification and denitrification occurring in the zone. In the present study, most of the dominant microorganisms recovered have been reported previously for their involvement in the removal of phosphate and nitrate from wastewater [7, [46] [47] [48] . Furthermore, the microbial pattern noted in the present study is also similar to previous observations [4, 41, 49] . It should be mentioned that not many studies have been carried out to investigate microbial ecology from the fullscale EBPR. In addition, this study corroborates with the findings by Zhang et al. [31] in reporting some rare bacterial classes: Acidobacteria Gp3, Acidobacteria Gp6, and Acidobacteria Gp4. However, the study disagrees with the findings of Martín et al. [50] and Albertsen et al. [4] by revealing that PAOs populating the selected EBPRs were closely related to Rhodocyclus bacteria and Actinobacteria instead of Candidatus Accumulibacter phosphatis. The results showed that most of the samples from failed and successful EBPRs had almost the same composition as they were clustered together with Jaccard values ranging from 65 to 100%. These results were confirmed by the rarefaction curves that showed little to no existing dissimilarity between treatment zones of both plants with the exception of the aerobic zone. However, Lawson et al. [32] also revealed low dissimilarity between the bioreactor representing the lab-scale EBPR.
Environmental Variables
The results of the physicochemical parameters of wastewater samples collected from different zones (PST, fermenter, anaerobic, anoxic, and aerobic) of the failed and successful EBPR treatment plants are shown in Table  S8 . As a phosphorus removal plant, the results revealed a decrease in phosphorus content from 33.35 mg L -1 to 0.97 mg L -1 , and 18.25 mg L -1 to 1.91 mg L -1 from the successful and failed EBPRs, respectively, as wastewater was subjected to anaerobic and aerobic treatment from EBPRs. A similar observation was noted with COD, which decreased from both EBPRs. The collected wastewater samples appeared to be neutral to slightly alkaline (Table S8) . However, temperatures ranged 22.2-23.5ºC for the successful EBPR and 22.2-23.4ºC for the failed EBPR, showing that both reactors had similar temperature conditions. DO depletion from aerobic to anaerobic zones highlighted the good performance of the treatment plants. Electrical conductivity (EC) as salinity has been reported as a significant parameter in the bacterial community as it regulates their composition and diversity [13, [51] [52] . Similar to EC, pH was also seen as an important factor with temperature and DO regulating the overall diversity and composition level of bacteria in aquatic environments [13] . Based on the variance inflation factors, Wang and co-authors [13] revealed that COD, total nitrogen, total phosphorus, DO, pH, and temperature variations were relatively correlated to the bacterial communities. In their study investigating the impact of temperature on microbial communities, Siggins et al. [53] also revealed that temperature is one of the most important parameters influencing bacterial composition in the environment. This was also revealed by the present finding when performing the canonical correspondence analysis (CCA) to assess the correlation between environmental factors and bacterial communities (Fig. 6) . The CCA diagram displayed 99.97% of the variance in the bacteriaenvironmental relationships at the first axis and 0.033% of the variance at the second axis. However, the relationship between environmental factors and bacterial shift (pyrosequencing data) was significant at both the first and the second axis (p<0.05). Environmental factors -namely COD, DO, pH, temperature, and PO 4 -3 -showed a strong positive correlation with the first axis and a negative correlation with the second axis, while NO 3 -showed a strong positive correlation with both first and second axes. Electrical conductivity showed a strong negative correlation with both the first and second axes. While comparing EBPR zones, anoxic as well as anaerobic zones from both successful and failed EBPRs were primarily linked to EC, while fermenters linked to nitrate. Not surprisingly, the aerobic zone from the successful EBPR appeared to be linked to COD, DO, pH, temperature, and PO 4 -3 load, while the aerobic zone from the failed EBPR was only linked to nitrate load, which highlighted the possible dissimilarity. Furthermore, temperature and pH appeared to have low or no significant impact on bacterial community structures in both EBPRs despite being positively correlated with the first axis and ne-gatively correlated with the second. This study is in agreement with the findings of Wang et al. [10] , who reported the possible links between COD, DO, and temperature with microbial community functional structures in EBPRs. Table S8 : Environmental variables of the wastewater samples 
Conclusion
This study investigated the bacterial community of two full-scale EBPR wastewater treatment plants using a pyrosequencing platform. A comparison of the bacterial diversity of the two full-scale EBPRs provided links between the bacterial community structures from both successful and failed EBPRs. It was observed that Proteobacteria was the most predominant phylum of both EBPRs within each sampling zone, except in fermenters, where Bacteriodetes was the dominant one. Apart from the 18 phyla shared between both EBPRs, two unique phyla were noted for successful EBPR (Chlamydiae and Gemmatimonadetes) and failed EBPR (Microgenomates and Fibrobacteres). In the present study the constant failure of Bushkoppies was noted to be due to less abundance of fermenting bacteria from the fermenter and less abundance of nitrifying/denitrifying as well as phosphate-accumulating bacteria in the bioreactor. Furthermore, the present study suggested that the high abundance of Acidovorax in the Bushkoppies aerobic zone could have also been the cause of the constant failure of this EBPR. The study also showed a relatively high abundance of detrimental bacteria such as GAOs throughout all zones of this bioreactor when compared to the successful EBPR. However, bacterial communities from both EBPRs showed a similar correlation with EC in fermenters and anaerobic zones, while temperature and pH showed a similar correlation throughout all the EBPRs. The difference between the successful and failed EBPRs was most apparent in the aerobic zones, as this zone from both EBPR was linked with different environmental factors.
